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ABSTRACT 
Interfaces and interfacial properties have been the focus of academic and industrial 
researche for several decades. Researche shows that the interfacial fracture toughness and the 
adhesion strength of two dissimilar materials are governed by the interface thickness. In this 
study, a new testing methodology was proposed and implemented to identify the interface 
thickness utilizing nanoindentation. The actual interface thickness between two dissimilar 
materials was derived from the transition domain of a series of indents across the interface. A 
numerical relationship was developed utilizing a 2-D finite element simulation to correlate 
the true interface thickness with the experimentally estimated apparent interface thickness. A 
variety of bi-material property combinations were simulated with Young's modulus ratio, 
E1 / £ 2 = 1- 3, yield strength ratio on/ On = 1- 2.5 and interface thickness 0-100 nm. The 
proposed methodology and the numerically calibrated relationship are in good agreement 
with the true interface thickness measured by transmission electron microscopy. The 
developed technique provides an easy and cheap alternative to understanding the extent of 
diffusion interface width and thereby extend the ability to manipulate the interface properties 
for a variety of structural applications, such as thin films, coatings, multilayers, 
interpenetrating networks, and composites, in a wide range of thermal, mechanical, electrical, 
bioengineering technologies and Micro-Electro-Mechanical Systems (MEMS). 
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CHAPTER 1. INTRODUCTION 
1.1 Introduction 
Many engineering problems employ a variety of dissimilar materials in the form of 
multilayers, interpenetrating network of particles and fiber composites, which are widely 
used in thermal, mechanical, electrical and biological technologies, such as, 
Micro-Electro-Mechanical Systems (MEMS). Also, interfaces and interfacial properties have 
been the focus of academic and industrial researches for several decades. The interface 
thickness is one of the important parameters of interfacial mechanical properties, because the 
adhesion strength and fracture toughness of the interface between dissimilar materials are 
primarily controlled by the interface thickness (Evans and Hutchinson, 1995), wherein the 
interfacial adhesion strength approaches that of the bulk material (Hutchinson and Suo, 1992). 
In realistic applications, the interface thickness ranges from almost zero for two completely 
immiscible materials, to a finite thickness that may reach tens of nanometers when a limited 
diffusion is permitted at the interface region. The only practical way to estimate the interface 
thickness is through the transmission electron microscopy (TEM), which is elaborate, 
expensive and has its own limitations and higher range of errors (Chaffin, etc, 2000). 
In this study, a new experimental approach was proposed to evaluate the interface 
thickness between two dissimilar materials by utilizing nanoindentation. An apparent 
thickness, w; of the interface was estimated from a series of indents across the interface at the 
same applied load. Then the actual interface thickness, T, was correlated numerically to the 
apparent thickness. A systematic study was conducted by the Finite Element Method (FEM) 
to explore the relationship between the interface thickness, T, and the apparent interface 
width, W, as a function of Young's modulus ratio, EJ E1 and the yield strength ratio, 
aYJaY2 of the biomaterial assembly. 
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1.2. Literature Review 
Hardness testing was initially utilized as a nondestructive measure of the toughness and 
flow stress of metals, (Tabor, 1951). Following these efforts, load-displacement- sensing 
indentation was evolved as an experimental tool for measuring material properties since THE 
early 1970's (Bulychev, 1975; Alekin, 1973; Shorshorov, 1973). This technique is based on 
the traditional hardness tests with significant improvements of its capabilities. It is also 
known as instrumented indentation testing, load-displacement-sensing indentation, 
continuous-recording indentation, ultra-low-load indentation, and nanoindentation. Further 
advances have been made over the past decades in. this filed, attributing to the development 
of high-resolution instruments that. can continuously control and monitor the loads and 
displacements of an indenter during the indentation process. One main advantage of the 
load-displacement-sensing indentation relative to traditional indentation and hardness testing 
is that it does not require evaluation of the contact area after the indentation. Instead, the 
contact area can be derived from the load-displacement data, and thereby made possible to 
determine material properties at very small length scales. Now the mechanical properties can 
be determined from very small indentations with loads as small as lnN and displacements 
approaching 0.1 nm (lA). Because of this, the load-displacement-sensing indentation has 
become a primary tool for examining thin films (Tsui, etc, 2003), coatings (Page, etc, 1998), 
and surface modified properties by ion implantation or ultra fast laser heating (Yu, 2003). 
Currently, most of the material properties that can be measured from a uniaxial tension or 
compression test can be measured, or qualitatively estimated, using the 
load-displacement-sensing indentation. The most frequently measured properties are the 
hardness, H, and Young's modulus, E (Field and Swain, 1995). Other material and interfacial 
properties can be also derived from the load-displacement indentation data with lesser 
accuracy. These includes, the yield strength and strain-hardening characteristic of metals 
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(Swain, 1998); characteristics of damping and internal friction of polymers (Lucas, 
Rosenmayer and Oliver, 1998); activation energy and stress exponent for creeping solids 
(Lucas and Oliver, 1999); and the fracture toughness of brittle materials and thin coatings 
(derived from the extent of delamination induced by sharp indenters; Pharr, 1998). All these 
improvements in both instruments and the analysis models have dramatically increased the 
preciseness and efficiency for testing mechanical properties of a wide range of materials by 
the load-displacement-sensing indentation, which makes determining material properties in 
even nanometer scale possible. In this length scale, the indentation process zone decreases to 
the same order of the microstructure length scale (e.g. grain size, or mean dislocation free 
path), the measurements start to show extensive fluctuations, reflecting the heterogeneity of 
the microstructures. With the high preciseness and efficiency, the load-displacement-sensing 
indentation has become an effective way to study the interfacial mechanical properties for 
interfaces with thickness in the nanometer scale. 
Analysis of the measured load-displacement indentation curves is primarily guided by 
theoretical estimates of the relevant contact problem. Loubet et al. (1984) and Doerner and 
Nix (1986) have utilized the purely elastic contact solution derived by Sneddon (1965) to 
derive Young's modulus from the elastic unloading segment. However, this approach led to 
significant error when an elastic-plastic material is tested. Oliver and Pharr (1992) modified 
this approach by incorporating the elastic-plastic response of the material in the form of a 
power law hardening. This approach is widely adapted in practice today. In this approach, the 
unloading load-indentation depth curve is fit to a power-law relation: 
(1.1) 
where P is the indentation load, h is the indentation depth, B and m are empirically 
determined fitting parameters, and h1 is the final displacement after complete unloading. A 
sketch of the load-indentation depth curve is shown in Fig. 1.1. The unloading stiffness, S, 
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which is the slope of the unloading curve at the initial unloading point, is given by: 
S = dP (h = hmax) = mB(hmax -h1 f-1 • dh (1.2) 
The projected contact area of the hardness impression, A, is determined by the indenter 
shape which is a function of the contact depth, he. The contact depth he depends on the nature 
of the pile up surrounding the contact zone and is given by (Oliver and Pharr, 1992): 
p 
h = h - e--2!!!!. 
c max S (1.3) 
Here, P max and hmax are the maximum imposed load and displacement respectively, and ~ is a 
constant that depends on the indenter geometry. Accordingly, the hardness H and reduced 
elastic modulus (considering the deformation of the indenter) Er are: 
H = pmax 
A· 
(1.4) 
and 
(1.5) 
Then, the specimen's elastic modulus is given by 
1 1-v2 1-v2 -=--+--' 
E, E E; 
(1.6) 
where E and v are Young's modulus and Poisson's ratio for the specimen, and Ei and v; are 
the same values for the indenter. 
One main restriction to the Oliver-Pharr method comes from the effects of large plastic 
deformation in indentation tests. If the indentation field is elastic or the elastic and plastic 
strain is of the same order, the surf ace around the indenter will sink in as shown in Fig. 1.2. 
However, as the plastic strain increases, the deformation zone expands, leading to a burst of 
plastic deformation with a surface pile up around the indenter. Bolshakov and Pharr (1997) 
have utilized FEM simulation to numerically show that the Oliver-Pharr method works well 
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for hard materials, where the sink-in predominates, but leads to significant errors for soft 
materials that exhibit extensive pile-up. When h 1 I hmax > 0.7 and the material does not 
appreciably work harden, pile up becomes significant. Thus, the Oliver-Pharr method leads to 
an overestimation of the hardness and elastic modulus if the pile-up effect is not taken into 
account. When h 1 I hmax < 0. 7 or the materials moderately work harden, pile-up is not a 
significant factor and the Oliver-Pharr data analysis procedure can give reasonable results. 
Further study of quantitative effects from pile-up was performed by Taljat, etc, (1998). Their 
results showed that for spherical indenter the pile-up parameter, s I h , which represents the 
amount of pile-up, uniquely correlates with EI Or ·4hl d, (Fig.1.3). 
When EI or ·4hl d, > 1000, the pile-up parameter, s I h, converges to a constant. This 
means that after the critical point EI or · 4h Id, = 1000, deeper indentation will not change 
the amount of pile-up; in tum, the hardness value derived by Olive-Pharr method will remain 
constant. When EI Or ·4hl d, < 1000, the amount of pile-up mainly depends on the value of 
EI or ·4hl d1 • The hardness value derived by Olive-Pharr method will continue changing 
with indentation depth. 
The load-displacement-sensing indentation has been previously utilized in the study of 
the interfacial delamination in layered thin structures (Suresh etc, 1999) and the study of 
property variation in functionally graded layers (Suresh etc, 1997). In these two 
investigations, the indenter axis is normal to the interface plane. However, in this work, the 
indenter axis is parallel to the interface plane. The closest work to the current study is that of 
Johnson (1971) where a cavity expansion model is developed for both wedge and cone 
indenters based on the previous work of Marsh ( 1964) and Hirst and Howe ( 1969). Johnson 
assumed that: (a) the contact surface of the indenter is encased in a hemi-spherical "core" of 
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radius, a (Figure 1.4); (b) within the core there is a hydrostatic component of stress, p; (c) 
outside the core the stresses and displacements have radial symmetry and are similar to those 
in an infinite elastic-plastic body, which contains a spherical cavity under a pressure, p. The 
elastic-plastic boundary lies at a radius c, where c >a (Figure 1.5). At the interface between 
the core and the plastic zone, two conditions must be satisfied: first, the hydrostatic pressure 
in the core must equal the radial component of stress in the plastic zone at r=a; Secondly, the 
radial displacement of particles lying on the boundary during an increment of penetration 
dh must accommodate the volume of material displaced by the indenter, neglecting 
compressibility of the core (Fig. 1.6). 
Based on these assumptions, Johnson derived the hardness value by combining Hill's 
solution (1950) as follows: 
For the wedge indenter: H = -1-[1 + In(_!..__!':__ tan /JJ] 
ay ,Jj 3n Uy 
(1.7) 
For the conical indenter: H = ~ [1 + ln(! _!':__tan /3]] 
Uy 3 3 Uy 
(1.8) 
The hardness of elastic-plastic materials to penetration by a blunt indenter is governed 
by the single parameter (EI Y) tan fJ , where fJ is the inclination of the face of the indenter, E 
is the Young's modulus of the material and a Y is taken to be the stress at plastic strain of 
0.2 tan fJ in a simple compression test. 
In our study, the only difference from Johnson's model is that dissimilar materials instead 
of a homogenous material, were involved. As a logical step, we have tried to extend the 
Johnson solution to the bimaterial problem with continuous displacement and traction 
through the body but discontinuous stress and strains across the interface. However, the 
mathematical complexity was found to be beyond the scope of this thesis. 
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1.3. Scope 
The proposed technique to evaluate the interface thickness is a combined experimental 
and numerical approach. From a line of indentation tests across the interface, the apparent 
interface thickness is evaluated. Moreover, the properties of the biomaterial interface are also 
evaluated from those nanoindentation tests far away from the interface. Numerically, the 
apparent interface thickness will be evaluated for different combination of material properties 
and interface thicknesses. The numerical results will provide a correlation between the actual 
interface thickness as a function of the apparent one and the biomaterial properties. 
To achieve our objective, the structure of this thesis work is as follows. A summary of the 
indentation experiments, which are carried out in parallel with this work by Kevin Chieh 
Tsung Lo, a graduate student in Chemical Engineering at Iowa State University, is presented 
in Chapter 2. The numerical implementation of the geometrical model is presented in Chapter 
3. The numerical results, the correlation of the apparent to the actual interface width and 
comparison with the experimental measurements will be given in Chapter 4. Some · 
concluding remarks and recommendations for future work are given in Chapter 5. 
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Figure 1.1: A schematic representation of load-indentation depth curve. 
Pmax: the peak indentation load; hmax: the indenter 
displacement at peak load; ht. the final depth of the contact 
impression after unloading; S: the initial unloading stiffness 
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Figure 1.2: Sink-in and pile-up phenomena of indentation. If the indentation field is 
elastic or the elastic and plastic strain is of the same order, the surface 
around the indenter will sink in; If the plastic strain is large enough and 
general yielding of the deformation zone happens, then the plastic flow will 
burst out and pile-up is observed. d: contact. diameter; dt: indentation 
diameter; h: indentation depth; he: contact depth; s: height of pile-up or 
sink-in. 
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Figure 1.3: The relation between pile-up parameter, s/h, and El or •4hldt. 
When El a r •4hldt>1000, the amount of pile-up converges to 
constant. When El a y •4hldt<1000, the amount of pile-up, s/h, 
closely related to El a y •4hldt. E: Young's modulus; a r: yield 
stress; s: height of pile-up; dt: indentation diameter; h: indentation 
depth. See Fig. 1.2 for detailed definition of s, h, and dt. 
11 
Figure 1.4: The contact surface of the indenter is encased in a hemi-spherical 
"core" of radius a. 
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Figure 1.5: Within the core there is assumed to be a hydrostatic component of stress, 
p. Outside the core it is assumed that the stresses and displacements 
have radial symmetry and are similar to those for an infinite 
elastic-plastic body, containing a spherical cavity under a pressure, p. 
The elastic-plastic boundary lies at a radius c, where c>a. 
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dh. I 
Ind¢nter. 
Figure 1.6: At the interface between core and plastic zone, two conditions must be 
satisfied: (i) the hydrostatic pressure in the core must equal the radial 
component of stress in the plastic zone at r=a; (ii) the radial displacement of 
particles lying on the boundary during an increment of penetration dh must 
accommodate the volume of material displaced by the indenter, neglecting 
compressibility of the core. 
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CHAPTER2.EXPERIMENTALAPPROACH 
A summary of the indentation experiments, which were carried out by Chieh Tsung Lo, a 
graduate student in Chemical Engineering at Iowa State University, in parallel to this 
numerical calibration, is presented in this chapter. The addressed material system is a 
biomaterial of two different polymers: IPP (Isotactic polypropylene) and PE (linear 
low-density polyethylene). The biomaterial interface is made from two different blocks by 
annealing them together with slight pressure (almost zero) in a Carver Press (Wabash, IN), 
wherein both annealing temperature and time are controlled. During the annealing process, 
the interface will grow on the contact surface, because of the diffusion of the two materials 
into each other. For polymers, the diffusion process can be interpreted as the entanglements 
of polymer chains from different materials, as sketched in Fig. 2.1. Higher temperature and 
longer time will lead to thicker interface because of higher diffusion rate and longer time for 
diffusion process. By controlling the annealing temperature and time, different interface 
thickness can be generated. 
For a variety of annealing conditions, the apparent interface thickness was estimated from 
a series of nanoindentation tests. In addition, for selected samples TEM measurements were 
carried out for verifications. 
2.1 TEM Method 
For the TEM study, sample preparation included cryogenic triming, staining, slicing and 
bonding, to prepare a very thin slice of the interface of about 80- lOOnm. A scanning 
transmission electron microscope (Phillips CM30) operated at 150 kV was used to observe 
the interfacial microstructure and its width. Fig. 2.2 and 2.3 show TEM images of the 
interfacial regions for different interface thickness. The TEM image shows the material's 
transmissivity to electron and thereby its density changing. To estimate the interface 
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thickness from a TEM image, a series of line profiles, orthogonal to the interface, were 
established. These profiles were parallel and equally spaced and provided a scan of the whole 
TEM image. A final profile was derived by average over those scan profiles. The gap in the 
final profile was defined as the interface thickness for that TEM image, see Fig. 2.4 and 2.5. 
To reduce the estimation error and generate a characteristic interface thickness of one sample, 
six TEM images of different regions along the interface in the sample were recorded. Each 
image provided one estimation of interface thickness. Taking the average of these six 
thickness provided the interface thickness of the given sample. 
2.2 Nanoindentation Method 
By the nanoindentation method, The Triboindenter® (Hysitron Inc., Minneapolis, MN) 
with a cubic comer tip was used. The load rate was 5 µN/sec, and the maximum load was 25 
µN (consistent between different samples). Instead of obtaining density images by TEM, a 
line of indentation tests was performed across the interface. To avoid the overlap of the 
indentation process zone for two indents, a minimum of 250nm of inter-indent spacing must 
be maintained. Such restriction would limit the perceived accuracy of the measured interface 
to a+/- 250nm. To overcome this restriction and provide better resolution in identifying the 
interface width, two lines of indents were performed to form a zig-zag line of indents with 
250nm inter-indent spacing while achieving a 125nm nodal spacing across the interface. A 
sketch of the pattern is shown in Fig. 2.6. The variation of the hardness and reduced Young's 
modulus are both shown in Fig. 2.7 and 2.8 for a thin and thick interface. The apparent 
interface thickness can be estimated from these figures. The figures show that the transition 
domain is more obvious in the Young's modulus data than the hardness data. Such 
observation comes with no surprise since the hardness is severely affected by the 
microstructure, wherein mobility of dislocation in metals or chain entanglement and slippage 
in polymers are dictating the extent of the process zone. Thus, for comparison with the 
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numerical simulation, we utilized the apparent interface thickness, W, derived from the 
Young's modulus variation across the interface. The details of all the experimental data are 
shown in Table 2.1. 
Table 2.1 The Experimental Data 
E1(GPa) H 1(GPa) h1(nm) E 2 (GPa) H 2 (GPa) h2 (nm) T(nm) W(nm) 
120C-8H 3.736 0.545 72.498 1.005 0.265 108.444 0 485 
130C-8H 5.098 0.676 69.380 1.260 0.376 95.686 17.6 740 
140C-1H 6.140 0.911 75.167 2.403 0.356 87.413 0 727 
150C-8H 6.081 0.757 82.030 1.420 0.342 92.347 42.5 749 
140c-3h 4.505 0.646 75.580 1.258 0.304 101.973 10.9 570 
140c-8h 4.519 0.545 73.209 1.356 0.291 91.873 35.6 639 
140c-12h 5.163 0.737 67.989 1.195 0.317 95.095 44.3 970 
160c-8h 5.850 0.698 65.965 1.246 0.247 94.600 49 819 
In Table 2.1, E1 and E2 are Young's modulus, H 1 and H 2 are hardness, h1 and 
h2 are indentation depth. The parameters with subscript "1", correspond the material (I), one 
component of the interfacial bimaterial. The parameters with subscript "2", correspond the 
material (II), another component. Notice that, h1 , h2 , H 1 and H 2 are measured at the 
points far from the interface to provide approximate estimation of the corresponding values 
in homogenous materials. 
IPP 
I~ ••• 
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Figure 2.1: The experimental sample consists of two materials: IPP (lsotactic 
polypropylene) and PE (linear low density polyethylene). During annealing 
process, the polymer chains entangle each other and form a diffusional 
interface of thickness, T. (From C. T. Lo, 2003) 
18 
130C-8H TEM Image 
lOOnm 
Figure 2.2: TEM image of the interfacial region of a sample with annealing 
temperature, 130 °c (above melting temperature of PE of 117 °c), and 
annealing time 8 hours that provided limited diffusion and thinner 
interface. (From C. T. Lo, 2003) 
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150C-8H TEM Image 
lOOnm 
Figure 2.3: TEM image of the interfacial region of a sample with annealing 
temperature, 150 °c (above melting temperature of PE of 117 °c), and 
annealing time 8 hours. An extensive interface diffusion with a broader 
interface is observed (From C. T. Lo, 2003) 
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130C-8H TEM Image Profile 
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Figure 2.4: A line of intensity profile of the TEM image with thin interface. The 
gap of density changing was thought to be a good estimation of the 
interface thickness, T. (From C. T. Lo, 2003) 
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150C-8H TEM Image Profile 
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Position(nm) 
Figure 2.5 A line of density profile of the TEM image with thick interface. 
The gap of density changing was thought to be a good estimation 
of the interface thickness, T. (From C. T. Lo, 2003) 
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(a) Young's modulus data 
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Figure 2.7: Nanoindentatioin data of the interfacial region of a sample with 
annealing temperature, 130 °c (above melting temperature of PE 
of 117 °c ), and annealing time 8 hours. (C. T. Lo, 2003) 
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Figure 2.8: Nanoindentatioin data of the interfacial region of a sample with 
annealing temperature, 150 °c (above melting temperature of PE 
of 117 °c), and annealing time 8 hours. (C. T. Lo, 2003) 
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CHAPTER 3. NUMERICAL IMPLIEMENTATION 
Numerical modeling of indentation in a half space has been performed extensively in the 
past (Hill, etc, 1989; Taljat, etc, 1998) either as a 2-D plane strain model or as a 3-D 
axisymmetric surface of revolution. In this work, the interaction between the interface and 
the indentation field was carried out assuming a 2-D plane strain framework employing 
ABAQUS standard finite element package, Ver. 6.3.1 (2002). Special attentions were given 
to the contact surfaces as well as the variation of the properties across the interface. A line of 
indents was carried across the interface under the same applied load and the corresponding 
hardness was evaluated. 
Under shallow indentation depth, the spherical indenter is a good approximation for 
many indenters used frequently in nanoindentation experiments. Usually, experimentally 
. utilized indenters have a round comer around its apex. Beyond the apex, the indenter 
conforms to its original type of surface. Therefore a cylindrical or spherical indentation 
models would provide similar trends to those commonly observed in shallow indentation · 
experiments. Although the 2-D cylindrical indenter is a gross simplification of a 3-D 
spherical indenter, however, for the unsymmetrical loading configuration addressed in this 
work, a 2-D model would provide significant simplifications for the analysis. In addition, the 
acquired trend from the 2-D model would approximately provide the observed experimental 
trend with a scaling parameter that can be experimentally calibrated to account for the 
variation of the hydrostatic stress field between cylindrical and spherical indenter. 
3.1 Geometrical Model 
A 2-D unsymmetrical geometric model was devised to represent the dissimilar material 
around the interface. The geometric model consists of two parts, the indenter and the 
specimen, as shown in Fig. 3.1. The indenter was modeled as a 2-D rigid cylinder with radius 
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100 nm. The bimaterial interface specimen was modeled as a 2-D rectangle region, 4000nm 
wide and 2000nm high. The specimen sizes were carefully selected to approximate a 
semi-infinite half space, evidenced by an insensitivity of the simulation resulting in further 
increases in specimen size. For unit consistency, the unit of nodal force was considered to be 
N/mm. To simulate the real indentation test, several boundary conditions were applied to the 
model. For the indenter, both the horizontal displacement and the rotation in the vertical 
plane were constrained; only vertical displacement was permitted. For the specimen: all 
displacement components normal to the left, right and bottom edges of the specimen were 
constrained, while allowing the tangential component only. The top surface remained 
completely unconstrained as indicated in Fig. 3.1. The interface thickness was modeled 
separately with a finite zone of width, T, having continuously varying properties from those 
of material (I) to material (II) across the interface. 
As an example, Fig. 3.2 and 3.3 show the employed mesh for the model with T=lOO nm 
and the indenter at the center of the interface. The indenter has 500 2-node linear rigid 
elements. The bimaterial model has 3423 8-node biquadratic plane strain quadrilateral 
elements. Biquadratic elements were selected to accommodate for the large deformation 
gradient beneath the indenter. The specific mesh is slightly different from sample to sample, 
depending on the interface thickness, T, and the contact point position, but the mesh strategy 
is the same. Both the computational accuracy and efficiency were considered in the mesh 
development. Around the contact point and the interface region, the element size is about 5 
nm, which is the smallest element size in the specimen. Surrounding this region is an 800 nm 
wide and 400 nm high rectangle zone with element size expanding from 5 to 20 nm. As 
showed by the simulation result, this zone approximately contains the entire plastic zone at 
the maximum load. The plastic zone shape and size is believed to be one of the key factors 
governing interface effects, so the element size in this zone is also small. Outside of this zone, 
considering the computation efficiency the element size increases rapidly from 20 nm to 200 
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nm since the element size in this zone does not affect the computation result very much. 
To increase the numerical accuracy for evaluating the extent of the contact zone without 
increasing the computational complexity, the indenter surface has much smaller element (500 
equal size elements, about 0.6 nm each) compared to the biomaterial surface. Adopting this 
method would allow sub-element contact resolution within the contact zone on the specimen 
surface. 
3.2 Material Responses 
The macroscopic elastic-plastic response of the material was modeled as a Ramberg 
Osgood power law hardening material with Isotropic hardening and deformation plasticity. 
Nonlinear elasticity and rate independent deformation plasticity have the same loading path 
but different unloading path. Once unloading occurs, nonlinear elastic material will go back 
along the loading path, while plastic material will unload elastically along a straight line with 
slope E. Since there is no unloading requirement in this study, both representations of 
material models should provide the same stress field. In ABAQUS, the nonlinear elastic 
material is defined by five parameters, Young's modulus, E, yield stress, Dr , elastic 
Poisson's ratio, v, hardening component, n, and yield offset, a. The constitutive behavior 
is governed by the Ramberg Osgood hardening law in the form: 
(3.1) 
Every specimen contains material (I), (II) and the interface region. The material (II) is 
kept the same for all the examined groups with properties consistent with moderately 
hardening metals (polycrystalline copper): E2=lOOGPa, Drz =lOOMPa, v2 =0.33, n2 =5 
and a 2 =3.84. The tensile response of the model for the given material properties is shown in 
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Fig. 3.4. The property on the other side of the interface, material (I) is correspondingly 
changed to provide different values of E1 I E2 ratio and Oy 1 I Oy 2 ratio while keeping v1 , n 1 
and a 1 to be the same as material (II). 
In this model, the interface property is graded linearly between those of materials (I) and 
(II). In other words, the interfacial material properties are defined to be a linear function of 
position. However, in ABAQUS there is no routine methodology to define material 
properties except local assigning it to each integration point. To make the material properties 
vary linearly over the interface region, an ABAQUS user defined subroutine for material 
distribution field is implemented wherein an initial deferential material distribution field is 
imposed on both sides of the interface and was allowed to vary linearly across the interface. 
The material property is set to be a function of such imposed material distribution field. It 
should be noted that this field is uncoupled from the work of plastic dissipation and remains 
steady through the deformation cycle. This technique enables a variation of the material 
across the interface in any required trend. 
The validity of this technique is verified by comparison of two simple models with T 
=Onm interface thickness. See Fig. 3.5. Model (a) and (b) have the same load, boundary 
condition and material properties. A uniform pressure, p, is applied on the top surface and a 
fixed boundary condition is added at the bottom surface. The only difference is the technique 
for defining material properties. In model (a), the Young's modulus, E, yield stress, or, are 
directly defined using ABAQUS. In model (b), two material distribution fields, TJ and T2 , 
are defined first, then E and Or are defined as a function of material distribution. Fig.3.6 
shows the Mises stress contours of model (a) and (b) under undeformed geometrical shape. 
The results are almost the same, except a very narrow band around the interface. What causes 
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this difference is the restriction of material distribution field definition. The nodes on the 
interface belongs to two different material distribution fields, which leads to a contradictory 
state that one node have two different material distribution values. To avoid this situation, 
ABAQUS automatically changed the material distribution values for the elements just 
touching the interface. This changing causes a narrow band (two elements wide) with 
ambiguous material distribution values. Ignoring this ambiguous region, the simulation 
results of the two models have the same results. This fact provides strong evidence that the 
material distribution field is uncoupled from the work of plastic dissipation and remains 
steady through the deformation cycle. 
3.3' Interface contact 
To simulate the contact between the indenter (a rigid surface) and the specimen (a 
deformable body), surface-to-surface contact pattern of ABAQUS was used. The interaction 
behavior between these two contact surfaces is assumed to be frictionless and can conduct 
finite sliding. Finite sliding is the most general assumption in ABAQUS and allows any 
arbitrary motion between the surfaces. No adjustment in the initial surface position is needed, 
since the two contact surfaces have already been in contact exactly at the beginning of the 
computation. The default "hard" contact relationship was used, since there is no penetration 
of the slave surface (specimen) into the master surface (indenter) and no transfer of tensile 
stress across the contact surfaces in the indentation process. 
3.4 Model Loading and Analysis: 
In this study, a boundary traction was incremented on the indenter to a maximum value of 
Pmax=0.0785 N/mm. The same level of boundary tractions were utilized in all indentation 
simulations. This indentation load will lead to about 30 nm indentation depth on material (II) 
and a smaller indentation depth on material (I) depending on the specific E, I E2 ratio and 
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oYI I oy2 ratio of different specimens. The maximum load was carefully chosen to guarantee 
that the hardness value measured by the Oliver-Pharr method will not change with larger 
indentation depth, h. Following the conclusion of Taljat, etc, (1998), if EI Oy ·4h/ d1 >1000, 
the hardness is independent of larger indentation depth. In this study, P max=0.0785 Nlmm 
drove most of the testing points into the safe range. 
The hardness is derived from applied indenter pressure per unit projected contact area, 
H = pmax 
A 
(3.2) 
Where ,P max, is the indentation load, A, is the projected contact area of the indentation at 
maximum load. There are two ways to measure, A, from the FEM simulation. One is the 
Oliver-Pharr method, which can derive, A, by analyzing the unloading segment of the 
load-displacement curve, generated by the simulation. Another method is to determine, A, 
more directly from the contact profile of the finite element mesh. Both methods have been 
used by Bolshakov and Pharr (1997) in "the influences of pileup on the measurement of 
mechanical properties by load and depth sensing indentation techniques". In this study the 
second method, contact profile way, is chosen, since it can provide the projected contact area 
more directly and accurately without the risk of rnisestimate by the Oliver-Pharr method. 
Another advantage of this method is that, no unloading is required such that almost half of 
the FEM simulation time would be saved. Fig.3.7 is an example of the contact profile. 
For every specimen with given combination of E1 I E2 ratio and oYI I Oy 2 ratio, a series 
of indentation tests was conducted across the interface. For every test, both hardness and 
relative position to the interface were recorded to get the hardness vs. position curve (Fig. 
3.8). The indicated trend shows that the harder side has higher hardness. For test points far 
from the interface, the hardness converges to some constant value. For test points near the 
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interface, the hardness changes approximately linear. As the indentaion location approaches 
the interface, the interface effect becomes stronger and the hardness begins to dramatically 
change until the indentation location passes the interface and get far from the interface again. 
From the hardness-relative position from the interface relationship, the apparent interface 
thickness, W, for the given specimen can be estimated. To do this, the whole curve is divided 
into three regions: region I, II and III, as shown in Fig.3.9. Region I and III contain the 
points, which are relatively far from the interface and have approximately constant hardness. 
Region II contains the points that are near the interface and are apparently affected by the 
interface. In Fig. 3.9, there are three points in region I and III respectively and seven points in 
region II. For all the points in each region, a straight line is fitted to represent the trend in that 
region. The intersection of these three fitted lines marks the apparent interface thickness, W. 
To study the relationship between the interface thickness, T, the material properties and 
the apparent interface thickness, W, a series of specimens with different combination of 
EJ E2 ratio of 1, 1.5, 2, 2.5, 3, on I o~ 2 ratio of 1, 1.5, 2, 2.5 and T of 0, 50, 100 nm were 
tested. This process was repeated for each specimen to estimate W. 
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- ---r 
N = = = = 9 
_J 
4000 nm 
Figure 3.1: The 2-D model contains two parts: the rigid cylindrical indenter 
with radius 1 OOnm and the deformable bimaterial specimen, 
4000nm wide and 2000nm high. The whole model is lmm thick on 
the direction outside of the paper. The interface thickness T with a 
continuously varying properties from those of one side to the other. 
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Element Size=5-20nm 
Figure 3.2:The utilized mesh for the geometric model with interface thickness, 
T=lOOnm, and indentation point just on the interface. The element 
size is 5-20nm for the zone which approximately contains the plastic 
region beneath the indenter, showed by the FEM results. Outside of 
this zone, the element size increases smoothly from 20nm to 200nm 
(sample boundary). 
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T=lOOnm 
Figure 3.3:The mesh for model with interface thickness, T=lOOnm, and 
indentation point just on the interface. The element size is 
5-20nm for the indentation process zone, 5nm for the contact 
zone and approximately 0.6nm (the size of 500 equal size 
elements for the cylindrical indenter with radius 1 OOnm) for 
the liner indenter element. 
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Figure 3.4: The constitutive curve of material II, nonlinear elastic material 
(elastic strain hardening Ramberg Osgood material model) with 
E2=100GPa, CJ Y2=100MPa, v 2=0.33, n2=5 and a 2=3.84, 
those are just as the properties of polycrystalline copper. 
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(a) 
p 
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Figure 3.5:Verification of material distribution field technique. In model (a), the 
Young's modulus, E, yield stress, o y , are directly defined using 
ABAQUS. In model (b), first two material distribution fields, T1 and T2, 
are defined, then E and o y are defined as a function of the material 
distribution field. Both models have a uniform pressure, p, applied on 
the top surface and a fixed boundary condition at the bottom surface. 
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(a) Mises Stress of model without Material Distribution Field 
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(c) Line profiles of model (a) and (b) at the half height position 
Figure 3.6:The Mises stress contour and the line profile comparison show 
that model (a) and (b) give almost the same results. This means, 
the material distribution field is uncoupled from the work of 
plastic dissipation and remains steady through the deformation 
cycle 
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Figure 3.7:The determination of contact area, A, by directly measuring the 
contact profile generated from the FEM simulation results. This 
way is more accurate than the the Oliver-Pharr method wherein 
the contact area is evaluated from the slope of the unloading path. 
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Figure 3.8:Variation of the hardness as a function of relative position from 
the interface. The harder side has higher hardness. For test 
points far from the interface, the hardness converges to uniform 
values of those of the homogeneous materials. Across the 
interface, the measured hardness varies approximately linear 
with relative position from the interface. The apparent interface 
thickness, W, can be derived from this cure. 
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their intercents defines the annarent interface thickness. W. 
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CHAPTER 4. NUMERICAL RESULTS AND EXPERIMENTAL VERIFICATION 
Several groups of samples (36 in total) with different combination of material properties 
and interface thickness have been analyzed. The details of the studied parameter map are 
given in Table 4.1. The Young's modulus ratio E1 / E2 was varied between 1 to 3 with 0.5 
step. The yield strength ratio an/an was varied between 1 to 2.5 with 0.5 step and the 
interface thickness was varied between 0, 50, 1 OOnm. The results will be presented in the 
form of deformation characteristics first, then followed by the macroscopic trend of the 
variation of the interface thickness. A non-dimensional correlation will be developed based 
on the numerical results. 
4.1 Numerical Results: 
4.1.1 Indentation Process Zone Characteristics: 
Contours of Mises stress, a, , at the peak load are shown at different position from the 
interface for a given set of combination of material properties of E1 / E2 =2, a r 1 /a Y2 =2 and 
for T=O, 50, lOOnm on Figs.4.1-4.3, respectively. On these stress contour maps, the elastic 
stresses are usually interfering with the interface, as shown in Fig. 4.l(a, d). However, the 
magnitude of the stresses at such distances ( x/ h;_ - 10 ) is far below the yield stress of the 
softest set ( aj an - 0.1-0.5 ). In addition such elastic distribution has a minimal effect on 
the macroscopically measured hardness as will be seen next. The process zone is much 
smaller for the side of the interface with higher strength and stiffness. The primary difference 
between these three sets is that as the interface thickness increase, the transition in stress 
become smoother and the extent of the process zone is reduced. The relative location of the 
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indenter from the interface defines the amount of load redistribution across the interface and 
the spread of the process zone past the interface to the softer/harder side. Figure 4.4-4.6 are 
the stress, strain and displacement contours. 
4.1.2 Macroscopic Strength Response: 
The measured curves of hardness vs. the relative position to the interface are shown in 
Figs. 4.7-14 for groups of the same T and an/O'r2 ratio but for varying E1/ E2 ratio. On 
these plots, as the E1 / E2 ratio increases, the progress to reach a plateau value of the 
measured hardness becomes slowly due to a strong effect of the interface on the wake of the 
elastic field of the indenter. This effect is quite pronounced for E1 / E 2 =3. To account for such 
effect, we considered here the intercept of the slowly rising trend, instead of the expected 
asymptotic one that reaches the bulk hardness of the material with higher modulus. However, 
to completely remove the effects of the elastic field away from the interface width, more 
indentation should be carried out at a distance of x/ hi, - 20-30 . 
From Figs.4.7-4.14, an estimate of the apparent interface width, W is found and 
summarized in Table 4.2 for all the addressed cases. The indentation depth at P max, h1 and 
h2 that were obtained from the simulation results are also listed. It should be noted that, 
while P max is the same, the corresponding indentation depth h is changing as a function of 
the biomaterial properties and the listed h1 and h2 represent the stable indentation depth of 
the two materials away from the interface. For each sample, the apparent thickness, W, is 
derived from the hardness vs. relative position curve by the way presented in section 3.4 and 
Fig. 3.9. 
43 
4.2 Nondimensional Correlation: 
To explore the relationship between the measured apparent interface thickness W and the 
true interface thickness T, we will try to correlate the dependence on the Young's modulus 
ratio, E1/E2, and the yield strength ratio Gy1/aY2. 
4.2.1 The Effects of Young's Modulus Ratio: 
Figures 4.15-17 show the effects of changing Young's modulus ratio, E1/E2 , under 
interface thickness, T =0, 50, lOOnm, respectively. Figure 4.15 show a reduction of W, as 
E1 / E2 ratio increases. The apparent interface width W seems to approach an asymptotic 
value as E1 / E2 ratio increase. In addition the rate of change of W vs. E1 / E2 ratio is 
further suppressed by increasing the a YI/ a Y2 ratio. It should be noted that for E1 / E2 = 1 
and an/ar2 =1, W becomes unbounded (approaching infinity). Figures 4.15-17 show that 
the general trend of W vs. E1 / E2 does not depend on T, while its magnitude is highly 
correlated with T. As T increases, W also increases. 
4.2.2 The Effects of Yield Stress Ratio: 
Figures 4.18-20 show the effects of changing the yield stress ratio, aYl/aY2, under 
interface thickness, T =0, 50, lOOnm, respectively. From the figures we can find similar 
results as the effects of E1 / E2 ratio. The general trend of W vs. aYI /an ratio is 
independent of T, but the magnitude of Wis highly correlated with T. As aYl/ar2 ratio 
increases, W decreases and approaches an asymptotic value. However, W decays faster as 
the E1 / E2 ratio is increased. 
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4.2.3 Generalized Nondimensional Correlation: 
From the observed trends of Figs. 4.15-20, it seems that there exist a nondimensional 
parameter that would scale the multiple curves in Fig. 4.15 (a function of the an/ar2 ratio) 
and those in Fig. 4.18 (a function of the E1/E2 ratio) into one master correlation that 
changes only with T. if such nondimensional parameter is identified, a unique correlation 
between W and T can be established utilizing the measured nanoindentation data set. Our 
scope is to find a correlation in the form: 
(4.1) 
Where ~ is a numerical factor to be calibrated by matching the numerical and 
experimental results. W0 , the apparent interface width for T=O, depends on the Un/uY2 , 
Ei/ E2 and h1/h2 ratios and is to be- calibrated by finite element analysis. The functional 
form of W0 is thought to be: 
(4.2) 
The exact form of the parameter dependence of W0 is not known, however, Taljat et al., 
(1998) in their study has successfully generalized the pile-up parameter, s/h, as a function 
of 4E/or xh/d, (see Figs.1.2 and 1.3). Similarly, after several iterations we found that W0 
can be represented in the form: 
(4.3) 
Here the proportionality factor A and the exponent a are thought to depend mainly on 
the power law hardening exponent, n, of the bimaterials and less on the Poisson's ratio, 
unless a pressure sensitive plastic response is involved. However these factors have not been 
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addressed further in this study. The functional form of Eq. 4.3 would satisfy the requirement 
that W0 would be unbounded when E1/E2 =1 and art/ar2 =1. 
The fitting of Eq. 4.3 for the numerical data is presented on Fig.4.21. From the plot and 
the stated condition, it is found that A= 0.19229 nm and a=0.1232. Now by measuring W 
from the experiment, the true interface thickness T can be derived from: 
(4.4) 
By adding other groups of data with T=50 and lOOnm into fitting, it is found that 
g = 0.26. The fitting of the nondimensional correlation to all the numerical data is shown in 
Fig. 4.22. 
4.3 Comparison of Numerical and Experimental Results: 
To verify predictability of the nondimensional correlation, Eq.4.4, the nanoindenetaion 
tests were carried out on bimaterials with different thickness utilizing a cube comer indenter 
with a rounded apex. The apparent interface thickness W is measured from nanoindentation 
data and the true thickness T is measured by TEM. The experimental results are listed in 
Table 2.1. Moreover, instead of measuring the yield strength ratio, CFy 1/ar 2 , the hardness 
ratio HJ H 2 , measured from the nanoindentation test is utilized instead, by invoking the 
conclusion of Tabor, ( 1952), "equivalence of hardness and the plastic flow of the material". 
Utilizing this data set, an estimate of the interface thickness is found. However, since the 
experimentally tested field is a true 3D field but the numerically calibrated one is 2-D field, a 
single data point of those measured by the TEM is selected to scale the whole trend obtained 
by Eq. 4.4. A scaling factor 0.259 was used. This factor will match the experimental and 
numerical point exactly at E1/E2 xor 1/on xh2 /h1 -1=9 as shown in Fig. 4.23. The 
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experimental results scattered around the numerical results with about 40 nm fluctuation. 
There are two main reasons to explain this large error range. One source of error is from the 
measurement of W. As showed in section 3.4 and Fig.3.9, Wis derived from the hardness vs. 
relative position curve. In the experimental tests, the lateral resolution of indentation tests is 
125nm but the estimated apparent thickness, W, is ranging from 400 to 1000 nm, which is 
about 3 to 8 times the measurement resolution. This 125nm resolution causes a 62.Snm error 
bar of Wand about 16nm (after scaling) error in Fig.4.23. The other reason is because the 
measurement error of T. Experimentally, the true interface thickness, T, is measured by TEM 
approach. The TEM photo shows that the interface thickness of the sample fluctuates a lot 
along the interface (Fig.2.2 and 2.3). To provide a reasonable estimate of the average 
interface thickness, T, for a given sample, at least 6 different points along the interface are 
taken into average (Sec. 2.1). This averaged Tis recorded and used to verify the numerical 
results. However, the real T for a specific test point during nanoindentation may be higher or 
lower than the averaged T of the sample. These two sources of uncertainty from Wand T 
adds up and lead to the large error in W-0.26Tshowed in Fig. 4.23. 
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Table 4.1 Parameter Map and Fig. No. 
~ 1 1.5 2 2.5 3 T (nm) 
Fig. 
No. 2 
1 
Sample-
Sample-2 
Sample- Sample-
0 4.4 
1 3 4 
1.5 
Sample- Sample-
Sample-7 
Sample- Sample-
0 4.5 
5 6 8 9 
2 
Sample- Sample- Sample-1 Sample- Sample-
0 4.6 
10 11 2 13 14 
2.5 
Sample- Sample- Sample-1 Sample-
0 4.7 
15 16 7 12 
1 Sample- Sample-2 Sample- Sample- 50 4.8 
19 0 21 22 
2 
Sample- Sample- Sample-2 Sample- Sample-
50 4.9 
23 24 5 26 27 
1 
Sample- Sample-2 Sample- Sample-
100 4.10 
28 9 30 31 
2 
Sample- Sample- Sample-3 Sample- Sample-
100 4.11 
32 33 4 35 36 
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Table 4.2 Numerical Results Summary 
Sample E1/E2 aYI/aY2 T(nm) W(nm) h1 (nm) h2 (nm) 
1 1.5 1 0 217.7 29.65 34.01 
2 2 1 0 193.8 26.61 33.71 
3 2.5 1 0 167.8 24.6 33.51 
4 3 1 0 160.9 23.06 33.38 
5 1 1.5 0 180.1 20.59 33.7 
6 1.5 1.5 0 163.8 17.63 33.31 
7 2 1.5 0 158.6 15.87 33.08 
8 2.5 1.5 0 141.8 14.63 32.94 
9 3 1.5 0 147.1 13.68 32.83 
10 1 2 0 154.9 14.68 33.42 
11 1.5 2 0 148.4 12.52 33.06 
12 2 2 0 141.7 11.18 32.85 
13 2.5 2 0 142.4 10.27 32.72 
14 3 2 0 136.l 9.615 32.63 
15 1 2.5 0 143.5 11.47 33.29 
16 1.5 2.5 0 139.2 9.712 32.94 
17 2 2.5 0 144.7 8.613 32.75 
18 2.5 2.5 0 134.2 7.881 32.63 
19 1.5 1 50 230.7 29.64 34 
20 2 1 50 199.7 26.6 33.69 
21 2.5 1 50 178.1 24.59 33.49 
22 3 1 50 170.2 23.04 33.34 
23 1 2 50 166.3 14.67 33.37 
24 1.5 2 50 162.5 12.5 33 
25 2 2 50 156.4 11.16 32.79 
26 2.5 2 50 154.8 10.26 32.65 
27 3 2 50 153.4 9.597 32.56 
28 1.5 1 100 247.3 29.51 34.16 
29 2 1 100 211.6 26.38 33.95 
30 2.5 1 100 191.8 24.32 33.8 
31 3 1 100 186.8 22.72 33.7 
32 1 2 100 181 14.44 33.92 
33 1.5 2 100 178 12.27 33.63 
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34 2 2 100 166.5 10.89 33.47 
35 2.5 2 100 167.9 9.984 33.37 
36 3 2 100 165.6 9.345 33.3 
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Figure 4.2: The Mises stress contours for E1/E2=2, OYJI aY2=2, and TIR=0.5 
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Figure 4.5: The plastic strain contours for E1!E2=2, Oy1/ aY2=2, TIR=O and 
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Figure 4.6: The displacement contours for E11E2=2, OYJI l1Y2=2, TIR=O and 
Position=O. 
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Figure 4.13:Hardness vs. relative position curves for aYJI aY2=1 and 
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Figure 4.15:The effects of E1/E2ratio for interface thickness, TIR=O, and Or1I aY2 
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Figure 4.16: The effects of E1IE2ratio for interface thickness, TIR=0.5, and On/ 
aY2 ratio ranging from 1 to 2: generally follows the same pattern of 
Fi{!.4.15 but with hi{!her WIR value for everv ooint. 
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CHAPTER 5. CONCLUSION AND DISCUSSION 
This study has provided a quick and economical approach to measure the interface 
thickness between two dissimilar materials. The devised approach utilizes nanoindentation to 
deduce an apparent interface thickness and then correlate it to the actual interface thickness 
via numerically calibrated correlation function. The numerical simulation shows that the 
interface thickness, T, and the apparent thickness, W, derived from nanoindentation tests with 
a constant load, follows the dimensionless correlation: 
W-0.26T =A(E1 O"YI 'hi _1]-a 
R E2 D"r2 fii 
A= 1.9365 (5.1) 
a=0.1267 
where E1 and E2 are Young's modulus, On and Oy 2 are yield strength, h1 and h2 
are indentation depth in homogeneous materials, away from the interface. The exponent has 
value a =-0.127 for a pair of materials that follow elastic-power law hardening 
characteristics with hardening exponent n=5. It may be speculated that a could be a function 
of n, however no checks has been carried out either to verify or discard such claim. 
The numerically derived dimensionless correlation uniquely determines T, by plug in all 
the other measured parameters, E1 , E2 , On , Oy 2 , h1 , h2 , and W from the 
nanoindentation experiment. In addition, on and o y 2 may not have to be known in 
advance. If one assumes that the yield strength of a material is proportional to the measured 
surface hardness (e.g. invoking Tabor' 1952 argument), then he may substitute the or/ Oy 2 
by the HJH2 • The value of H1/H2 is readily measured by the nanoindentation test. 
The predictability of the derived dimensionless correlation is in a very good agreement 
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with the data estimates from the TEM overall measured trend. However, it should be noted 
that the TEM measurements is a pointwise measurements with a sampling averaged over few 
nanometer across the interface. The proposed nanoindentation method should provide better 
sampling of the interface thickness since it employs a process zone of a few hundred 
nanometers over the length of the interface. More TEM measurements are needed to provide 
a proper error bar for the proposed nanoindentation-numerical calibration methodology. 
It should be noticed that the derived dimensionless correlation, Eq.5.1 is based on a 
cylindrical indenter. When it is applied to spherical indenter or other indenters with different 
geometrical shape, a scaling parameter must be add into the equation to account for the 
differences in the size of the process zone. For every new indentor geometry, a full 
experimental calibration would be evident. 
Having achieved the evaluation of an interface thickness, it is quite conceivable to study 
a variety of problems, addressing the interface adhesion and integrity. One may try to 
understand the adhesion strength, the cohesive properties as well the mixed mode interfacial 
fracture toughness by driving nanoindentation at or near the interface and monitor the 
evolution in reduction of indentation stiffness due to crack initiation or propagation. There 
are endless problems in this area waiting for further explorations. 
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